AD

Award Number: DAMD17-98-1-8348

TITLE: Receptor Monoclonal Antibodies that Inhibit Tumor
Angiogenesis

PRINCIPAL INVESTIGATOR: J. Denry Sato, Ph.D.

CONTRACTING ORGANIZATION: american Type Culture Collection
Manassas, Virginia 20110-2209

REPORT DATE: August 2000
TYPE OF REPORT: Annual

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

20010509 075




orm Approved

REPORT DOCUMENTATION PAGE OMB No. 074-0188

'

L

4 Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining

the data needed, and complsting and reviewing this coliection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for

reducing this burden to Washington Headquarters Services, Directorate for Information Operations and Reports, 121 5 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwork Reduction Project (0704-0188) Washington, DC 20503

1. AGENCY USE ONLY (Leave biank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

August 2000 Annual (1 Aug 99 - 31 Jul 00)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Receptor Monoclonal Antibodies that Inhibit Tumor DAMD17-98-1-8348
Angiogenesis

6. AUTHOR(S)
J. Denry Sato, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
American Type Culture Collection REPORT NUMBER
Manassas, Virginia 20110-2209

E-MAIL:
dsato@atcc.org

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200 Words)

The purpose of this project is to generate monoclonal antibodies to receptor molecules
for the angiogenic growth factor VEGF. These antibodies will be tested for their
potential as inhibitors of VEGF-stimulated angiogenesis, which is thought to play an
important role in the development of breast cancer. A number of hybridoma fusions
have been done, but screening has been delayed. Research defining the VEGF binding
site of the Flt-1 receptor has been published; this work will aid in the selection of
receptor fragments for immunization. Research elucidating two signaling pathways
required for VEGF-stimulated endothelial cell proliferation has been published; a
conclusion of that study is that therapeutic intervention of VEGF-induced angiogenesis
should focus on early signaling events.

14, SUBJECT TERMS ' 15. NUMBER OF PAGES

Breast Cancer i 30
‘monoclonal antibodies; receptors; endothelial cells; angiogenesis 16. PRICE CODE
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT ,
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
293102




Section

Table of Contents

.............................................................................................................

.............................................................................................................

INETOAUCHON ..ttt ettt re s sebe e ssatessabeessbbessbessosabasensbesensrnans

BOAY Of REPOIt c.cvrviiviiiiticieiittet ittt

Key Research Accomplishments ..........ccooeeiininnninnciciicniniiine

Reportable Outcomes ...........ccueneee. e revet e SRR

Conclusions

References ..

Appendices

..............................................................................................................

...............................................................................................................

...............................................................................................................

10




Introduction

The survival and growth of solid tumors is dependent on the neo-
vascularization of the growing tumor mass. Prior to the vascularization of a tumor,
a subpopulation of tumor cells acquire an angiogenic phenotype characterized by the
production of polypeptide growth factors that stimulate endothelial cell
proliferation, migration and differentiation. By activating cell surface receptor
molecules, these tumor-derived angiogenic factors induce the growth of blood
vessels into the tumor from pre-existing blood vessels. Thus, the process of tumor
angiogenesis represents an attractive target for the development of new cancer
therapeutic agents. We are characterizing the signaling pathways utilized by
vascular endothelial growth factor (VEGF), an angiogenic factor that is widely
expressed by breast tumors, and we are generating neutralizing monoclonal
antibodies to receptor molecules for VEGF. We will test the antibodies for the ability
to block VEGF-induced endothelial cell proliferation and capillary growth in vitro.




Body of Report

Progress in the second year of this grant has been impacted by the relocation of
the Principal Investigator in 1999 from the Adirondack Biomedical Research
Institute to the American Type Culture Collection (ATCC), a not for profit bioscience
institution in Manassas, VA, where the P.I. occupies a laboratory on the Prince
William Campus of George Mason University. The grant was transferred to the
ATCC in July 2000. Despite this hiatus, the following work was accomplished.

Specific Aim 1: Tasks 1-3

Vascular endothelial cell growth factor (VEGF) stimulates human endothelial
cell proliferation by binding to two cell surface receptor molecules: Flt-1 (fms-like
tyrosine kinase) and KDR (kinase insert domain-containing receptor) (1,2). Davis-
Smyth, et al. (3) have used domain swapping between Flt-1 and a related receptor
molecule, Flt-4, that does not bind VEGF to localize the major VEGF binding region
of Flt-1 to the second of seven extracellular immunoglobulin-like loops. As part of
this project, we have examined cell-bound receptor chimeras consisting of
fragments of the extracellular region of Flt-1 and the non-related cell surface
molecule embigin to further characterize the VEGF-binding region of Flt-1 (4,
Appendix 1). Our results indicate that either immunoglobulin-like loop 1 or 3 of
Flt-1 is required in addition to loop 2 for high affinity VEGF binding. These findings
in conjunction with the work of others (5,6) localize the VEGF binding region of
Flt-1 to extracellular immunoglobulin-like loops 1 to 3. We will incorporate these
results into our receptor immunization protocol by immunizing mice with insect
cells expressing recombinant Flt-1 constructs consisting of Flt-1 loops 1-3 fused to
embigin (4). High 5 cells infected with baculovirus bearing chimeric Flt-1/embigin
cDNA have been stockpiled for this purpose. The animals will be boosted with
purified Flt-1/embigin chimeric molecules.

We have hybridomas from four fusion experiments with spleen cells
immunized with full length recombinant human Flt-1. These fusion products will
be screened for neutralizing antibody activity by competitive binding with
radioactive VEGF once an institutional license for the use of radioactive materials is
granted to George Mason University by the Nuclear Regulatory Commission. In
anticipation of screening, we have constructed, expressed and purified mutant
forms of VEGF that selectively bind to either Flt-1 or KDR; the mutations used were
based on an analysis of receptor binding regions of VEGF by Keyt, et al. (7). These
mutant VEGFs will allow us to screen for antibodies to a single receptor type using
human endothelial cells that express both receptor types.




Specific Aim 2: Task 7

We have done a pilot experiment aimed at developing an in vitro microvessel
growth assay. A piece of human umbilical cord was cut into small fragments which
were plated on a collagen-coated substratum in several different media. Initially
DME/F12 nutrient medium was supplemented with either 10% fetal bovine serum,
10 ng/ml fibroblast growth factor-2 (FGF-2), 10 ng/ml VEGF or FGF-2 and VEGF.
After a growth phase in which cells migrated out of the tissue fragments and
proliferated on the substratum, the nutrient medium supplemented with the
purified growth factors was changed to MCDB 153, which possesses a low calcium
concentration. A large percentage of cells died in the new medium, which was
consistent with the inability of fibroblast cells to grow under conditions of low
calcium (8). The remaining cells had the morphological characteristics of
endothelial cells, but they have not yet been tested for biochemical markers of
endothelial cells. These cells were not embedded in a collagen gel and therefore did
not form tube structures. Further experiments will be done with umbilical tissue
obtained from the Prince William Hospital in Manassas, VA; a revised human
subjects protocol will be reviewed by the PWH Human Subjects IRB on Aug. 25.

The strategy of inhibiting the angiogenic activity of VEGF at the level of ligand-
receptor interactions at the cell surface rather than at the level of intracellular
signaling pathways is supported by our study of intracellular pathways that are
activated in endothelial cells during a mitogenic response to VEGF (9, Appendix 2).
We found that the mitogen-activated protein (MAP) kinases ERKs 1 and 2, and p38
MAP kinase but not Jun N-terminal kinase (JNK) were activated in response to
VEGF. In addition phosphatidylinositol 3’-kinase (PI 3-kinase) signaling through
p70 S6 kinase was activated. By using specific inhibitors of these kinases, we showed
that activation of ERKs 1 and 2 and the PI 3-kinase/p70 S6 kinase pathway were both
required for endothelial cells to proliferate in response to VEGF. However, these
pathways were not uniquely activated by VEGF but were also activated by receptors
for epidermal growth factor (EGF) and fibroblast growth factor-2 (FGF-2). This
observation of convergent growth factor signaling in endothelial cells indicates that
therapeutic strategies aimed at inhibiting intracellular signaling components will
not be specific for responses to VEGF. This conclusion is a compelling argument for
focusing on proximal steps in VEGF signaling to inhibit angiogenesis.

We have extended our study on VEGF signaling in endothelial cells to show
that PI 3-kinase, a signaling enzyme whose activity is required for a mitogenic
response to VEGF, binds directly to the Flt-1 receptor for VEGF (10). This direct
interaction is significant in that it implies that PI 3-kinase is activated through VEGF
binding to Flt-1. To date PI 3-kinase activation has only been experimentally linked
to the KDR receptor (11). Thus, it is likely that dual receptors signals are involved in
PI 3-kinase activation.




Key Research Accomplishments
Characterization of the minimal high affinity VEGF binding site on the Flt-1
receptor

Identification of required signaling pathways in VEGF-induced cell proliferation

Direct demonstration of PI 3-kinase binding to Flt-1 VEGF receptor

Reportable Outcomes

Publications

1.

Herley, M.T., Yu, Y., Whitney, R.G., and Sato, J.D. (1999) Characterization of the
VEGF binding site on the Flt-1 receptor. Biochem. Biophys. Res. Commun.
262: 731-738.

Yu, Y., and Sato, J.D. (1999) MAP kinases, phosphatidylinositol 3-kinase, and p70
S6 kinase mediate the mitogenic response of human endothelial cells

to vascular endothelial growth factor. J. Cell. Physiol. 178: 235-246.

Yu, Y., and Sato, J.D. (2000) VEGEF signaling pathways in endotheial cell

mitogenesis. DoD Breast Cancer Research Program Era of Hope Meeting.
Atlanta, GA, June 8-12, 2000, p. 568.

Conclusions

The major conclusion of the research done thus far is that because signaling

pathways initiated by different growth factors converge or overlap, therapeutic
interventions of angiogenesis or other growth factor-induced processes should
target early events in signaling cascades in order to achieve the greatest degree of
specificity.
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Characterization of the VEGF Binding Site

on the Flt-1 Receptor
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The angiogenic growth factor VEGF binds to the
receptor tyrosine kinases Flt-1 and KDR/Flk-1. Immu-
noglobulin (Ig)-like loop-2 of Flt-1 is involved in bind-
ing VEGF, but the contribution of other Flt-1 Ig-loops
to VEGF binding remains unclear. We tested the abil-
ity of membrane-bound chimeras between the extra-
cellular domain of Flt-1 and the cell adhesion molecule
embigin to bind VEGF. VEGF bound as well to recep-
tors containing Flt-1 loops 1-2 or 2-3 as it did to the
entire Flt-1 extracellular domain. Chimeras contain-
ing only loop-2 of Flt-1 bound VEGF with 22-fold lower
affinity. We conclude that high-affinity VEGF binding
requires Ig-like loop-2 plus either loop-1 or loop-3. In
addition, Flt-1 amino acid residues Arg-224 and Asp-
231 were not essential for high-affinity binding of
VEGF to membrane-bound Flt-1. © 1999 Academic Press

Vascular endothelial growth factor (VEGF) is an an-
giogenic heparin-binding growth factor (Senger et al.,
1983; Ferrara and Henzel, 1989). VEGF functions
through binding to its receptor tyrosine kinases Flt-1
(Shibuya et al., 1990; DeVries et al., 1992) and KDR/
Flk-1 (Matthews et al., 1991; Terman et al., 1992), thus
activating intracellular signaling cascades (Myoken e¢
al., 1991; Waltenberger et al., 1994; Cunningham et al.,
1997a; Yu and Sato, 1999). Whereas other angiogenic
factors are pleiotrophic, VEGF is mitogenic specifically
for endothelial cells. This selectivity is achieved in part
by the restricted expression of the VEGF receptors:
KDR expression is limited to endothelial cells, whereas
Flt-1 is expressed by both endothelial cells and mono-
cytes (Quinn et al., 1993). Thus, human monocytes
express Flt-1, but not KDR (Barleon et al., 1996; Clauss
et al., 1996). VEGF induces monocyte migration, but
not proliferation, indicating that Flt-1 and KDR may
have distinctly different roles in vivo.

' To whom correspondence should be addressed. Fax: (703) 365-
2790. E-mail: dsato@atcc.org. )
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Angiogenesis plays a key role in many physiological
and pathological conditions, including wound healing,
embryonic development, tumor growth, diabetic reti-
nopathy and rheumatoid arthritis (Folkman, 1995;
Risau, 1997). Anti-VEGF monoclonal antibodies which
inhibit VEGF/VEGF receptor interaction have been
used to inhibit tumor growth in mice (Kim et al., 1993)
and have since been humanized for use in clinical trials
(Presta et al., 1997). The importance of VEGF, Flt-1,
and KDR for developmental angiogenesis are empha-
sized by the results of the targeted disruption of these
genes in mice. Mice lacking even a single VEGF allele
die in utero at days 11-12 postcoitum (Carmeliet et al.,
1996; Ferrara et al., 1996), indicating a strong dose-
dependence for VEGF during mouse embryonic devel-
opment. Mice lacking either Flt-1 or Flk-1 (the mouse
homolog of KDR) also die in utero, between days 8.5-
9.5. Mice lacking Flk-1 failed to produce hematopoietic
and endothelial cell precursors (Shalaby et al., 1995),
whereas Flt-17~ mice formed differentiated endothe-
lial cells but had disorganized embryonic vasculature
(Fong et al., 1995). This indicates that Flt-1 and KDR
have distinct and unique functions, which are essential
for normal vascular development.

There have been conflicting reports regarding the
minimal region of Flt-1 that contains the VEGF bind-
ing site. Loop-2 of Flt-1 was sufficient for high affinity
VEGF binding in the context of an FIt-1/Flt-4
membrane-bound chimeric receptor protein (Davis-
Smyth et al., 1996). However, soluble chimeric or trun-
cated Flt-1 proteins required a minimum of loops 1-2
(Cunningham et al., 1997b) to loops 1-3 (Davis-Smyth
et al., 1996; Barleon et al., 1997) to support full VEGF
binding. In order to identify the minimal region of
membrane-bound Flt-1 required for VEGF binding
without using sequence from the homologous receptor
Flt-4, we made fusion proteins between Flt-1 and the
unrelated Ig-loop-containing cell adhesion molecule
embigin (Guenette et al., 1997). By using embigin in-
stead of the more closely related receptor Flt-4, we

0006-291X/99 $30.00
Copyright © 1999 by Academic Press,
All rights of reproduction in any form reserved.
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TABLE 1
DNA Sequence of Oligonucleotides Used in This Study

Primer Oligonucleotide sequence Restriction site
V-3A 5'-ACCATGACCTTTCTGCTGTCTTGG-3’
V-1B 5'-TGGTGAGAGATCTGGTTCCCGAAA-3’
F-AlA 5'-ATCCTCGAGCGCTCACCATGGTCAGCTAC-3' Xhol
F-4B 5'-CCACTTGCTGGCATCATAAGG-3’

1392-for 5'-CCGGATTATTCATACCGTC-3'

1392-rev 5'-CGGATTTCCTTGAAGAGAG-3’
f-link-e 5'-CTGCATATGGTC-TACCTGTTCGAGAG-3’ Ndel
E800F 5'-CTAGTTAACGCAGCC-TTCCCGTTAGG-3’ HinCIl
E611F 5'-GACCTTAAGGATTCTACT-GTGCTGAAGTG-3’ AflI1
F962F 5'-GTCCTTAAGTCGTGGTGT-GCTTATTTGGAC-3’ AfllL
F475R 5'-GAAGATCTCCTTCCTTCA-GTCATGTG-3’ Bglll
E323F 5'-GAAGATCTCACCTGGAACTCG-AATG-3’ BglII
F155F 5'-GCTCTAGATGCTTGCATGATGTGCTG-3’ Xbal
F440F 5'-GCTCTAGACCTTTCGTAGAGATGTACAG-3' Xbal
R224AF 5'-CTCACACATGCACAAACCAATACAATCATAGATGTC-3'

R224AR 5'-GGACATCTATGATTGTATTGGTTTGTGCATGTGTGAG-3’

D231AF 5'-CCAATACAATCATAGCTGTCCAAATAAGCACACC-3'

D231AR 5'-GGTGTGCTTATTTGGACAGCTATGATTGTATTGG-3’

Note. Restriction sites introduced into oligonucleotides for the purpose of subcloning are underlined.

eliminated the possibility of introducing functionally
redundant regions of Flt-4 into receptor chimeras.

The crystal structure of VEGF;_ ;53 has been deter-
mined in a complex with a soluble Flt-1 loop-2 frag-
ment (Flt-1,,) (Weismann et al., 1997). The interface
between Flt-1,, and VEGF,_,,s was primarily hydro-
phobic and flat; the only direct polar interaction de-
tected was between Asp-63 of VEGF and Arg-224 of
Flt-1p,. Previously, Asp-63 was among a cluster of
three negatively charged VEGF amino acid residues
found to be required for VEGF binding to Fit-1 (Keyt et
al., 1996). However, the significance of the electrostatic
interaction between Asp-63 of VEGF and Arg-224 of
Flt-1 was thrown into question by the ability of VEGF
to bind to a soluble R224A FIt-1 receptor mutant in
which Arg-224 was replaced by alanine (Davis-Smyth
et al., 1998). In this study, we ascertained the effect of
two individual Flt-1 amino acid substitutions on VEGF
binding to membrane-bound Flt-1 containing the en-
tire extracellular domain.

MATERIALS AND METHODS

Reagents. Restriction enzymes were obtained from Promega
(Madison, WI) and New England Biolabs (Beverly, MA). Tag poly-
merase was obtained from Fisher (Springfield, NJ), and Vent Exo*-
polymerase was obtained from New England Biolabs. Grace’s me-
dium, yeastolate, lactalbumin hydrolysate and gentamicin were all
obtained from Life Technologies (Gaithersburg, MD). SF9 and High-
Five insect cells, and the baculovirus transfer vectors pVL-1392 and
pBlueBac4 were obtained from InVitrogen (Carlsbad, CA). Baculo-
gold DNA was obtained from Pharmingen (San Diego, CA). Na['*]]
was obtained from Amersham (Arlington Heights, IL). Fetal bovine
serum and the anti-Flt-1 N-terminal specific pAb were obtained from
Ubpstate Biotechnology (Lake Placid, NY). Oligonucleotides were syn-
thesized by the Molecular Biology Core Facility at the Adirondack

Biomedical Research Institute (Lake Placid, NY). The oligonucleo-
tides used in this study are listed in Table 1. Site-directed mutagen-
esis was performed using the QuickChange mutagenesis kit from
Stratagene (La Jolla, CA).

(A)
Fit-1 (213456 6 7.XTMXO
Embigin AT Z(T™M©
(B)
1 458
F1234/12E (2131471112 [iTD@ ,
1 323
F123/E (AT 213 _TM O
1 238
F12/2E snwEsag P>
1 182
F1M2E
133 . 323
F23/E CZ3 M OO
133 238
F2I2E “"@"’

FIG. 1. Schematic representations of Flt-1, embigin, and Flt-1/
embigin chimeras. (A) Human Flt-1 and rat embigin proteins. (B)
Flt-1/embigin receptor chimeras. All receptors contained a single
transmembrane domain (TM), and extracellular immunoglobulin
(Ig)-like loops. All chimeric receptors contained embigin transmem-
brane and cytosolic domains (C).
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FIG. 2. Biological activities of recombinant VEGF and Fit-1,x.
(A) HUVEC were incubated in the presence of increasing concentra-
tions of recombinant VEGF. Cells were counted 5 days later. Error
bars represent the range of duplicate determinations. (B) Flt-1, Flt-
1, and embigin were separated by SDS-PAGE, transferred to
PVDF, and immunoblotted with an anti-Fl1t-1 antibody. (C) Satura-
tion binding of VEGF to High-5 cells expressing Flt-1,x. Error bars
represent standard deviations (n = 4).

Cloning of VEGF, Flit-1, and embigin. VEGF ¢DNA was isolated
from human A431 cells. cDNA amplified by PCR with the primers
VEGF-3A and VEGF-1B was cloned into the pBlueScript-SK vector
(Stratagene) and then transferred to the pVL-1392 baculovirus
transfer vector (InVitrogen). Flt-1 cDNA was cloned from human
umbilical vein endothelial cells (HUVEC) by PCR amplification.
Flt-1 cDNA amplified with the PCR primers F-AlA and F-4B (Table
1) was cloned into pBlueScript-SK, cut with EcoRI and BamHI and
transferred to the PVI-1392 vector; this construct encoded a
membrane-bound form of Flt-1 lacking the intracellular tyrosine
kinase domain (Flt-1,m, nucleotides 1-2461). The isolation of rat
embigin ¢DNA was described previously (Guenette et al., 1997).
Embigin ¢DNA was sub-cloned into the pVL-1392 transfer vector.

Flt-1/embigin chimera construction and expression. All chimeric
receptor contained an Flt-1 signal sequence, and embigin transmem-
brane and cytosolic domains (Fig. 1). Fragments of Flt-1 ¢cDNA
generated either by PCR amplification with a 3:1 mixture of
Vent(exo®) and Tag polymerases, or by restriction digests, were
ligated to embigin ¢cDNA as follows. F1234/12E: Fli-1 cDNA was cut
with BglII and Ndel. Embigin ¢cDNA was amplified by PCR with the
oligonucleotides f-link-e and 1392-rev, cut with Ndel and EcoRI, then
ligated to the Flt-1 BglIl/Ndel cDNA fragment and to BglII/EcoRI
cut pBlueBac4 vector. F123/E: Flt-1 ¢DNA was cut with Notl and
HinCIIL Embigin cDNA was amplified with the PCR primers E800F

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

and 1392-rev, cut with HinCII and EcoRI, and then ligated to the
Flt-1 NotI/HinCII ¢cDNA fragment and to NotI/EcoRI cut pVL-1392
vector. F12/2E;: Flt-1 cDNA was amplified by PCR with the primers
1392-for and F962R, and cut with NotI and AflII. Embigin cDNA was
amplified with the oligonucleotides E611F and 1392-rev, cut with
AfII and EcoRI, and then ligated to the Fit-1 NotUAfII c¢DNA
fragment and to NotI/EcoRI cut pVL-1392 vector. F1/12E: Flt-1
¢DNA was amplified by PCR with the oligonucleotides 1392-for and
F475R, and then cut with NotI and BglIl. Embigin cDNA was am-
plified with E328F and 1392-rev, cut with BglIl and EcoRI, and
ligated to the Flt-1 NotI/BglIl cDNA fragment and to Notl/EcoRI cut
PVL-1392 vector. F23/E: F123/E chimera cDNA was amplified by
PCR with the oligonucleotides 1392-for and F155R, and the product
cut with Notl and Xbal. F123/E chimera ¢cDNA was also PCR-
amplified with the oligonucleotides F440F and 1392-rev, and the
product cut with Xbal and EcoRI. These two c¢DNA fragments were
then ligated together and to NotI/EcoRI cut PVL-1392 vector. This

(A)

Lane: 1 2 3 4 5 6 7 8
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98kDa—Jp il .
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50kDa—Jp : ] ‘
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FIG. 3. Immunoblot analyses of Flt-1/embigin chimeric recep-
tors. (A) Flt-1/embigin chimeric receptors were separated by SDS-
PAGE, transferred to PVDF, and then immunoblotted with an anti-
Flt-1 antibody. Lanes: 1, Flt-1,x; 2, F1234/12E;; 3, F123/E; 4, F12/2E;
5, F23/E; 6, F2/2E; 7, FI/12E; 8, embigin. (B) High-5 cells expressing
chimeric proteins were incubated in the presence of tunicamyecin for
24 h prior to the preparation of membranes. Lanes: 1 and 2, F123/E;
3 and 4, F12/2E; 5 and 6, F23/E; 7 and 8, F2/2E. Lanes 2, 4, 6 and 8
were treated with methanol containing tunicamycin, and lanes 1, 3,
5, and 7 were treated with methanol alone.
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FIG. 4. VEGF binding to Flt-1/embigin chimeras. (A) 125]_Jabeled VEGF was incubated with High-5 cells expressing chimeric receptors
in the presence and absence of excess unlabeled VEGF. Error bars represent standard deviations (n = 4). (B) Comparison of Scatchard plots
for the saturation binding of VEGF to the chimeric Flt-1/embigin receptors F12/2E, F23/E and F2/2E.

procedure cut Flt-1 loop-1 from F123/E ¢DNA resulting in the plas-
mid 1392-F23/E. F2/2E: the cDNA encoding Flt-1 loop-1 was excised
from F12/2E chimera ¢cDNA to make the chimera F2/2E, using the
same strategy and primers used to make F23/E.

Flt-1 mutagenesis. Flt-1,x cDNA was mutagenized in the pVL-
1392 plasmid using the QuickChange mutagenesis kit (Stratagene,
Inc.). The R224A mutant was made using the oligonucleotides
R224AF and R224AR, whereas the mutant D231A was made using
the oligonucleotides D231AF and D231AR. All chimeric and mutant
cDNA constructs were fully sequenced prior to use.

Recombinant protein expression. Insect cells were routinely
grown in Grace’s medium supplemented with 10% fetal bovine se-
rum, 2% yeastolate, 2% lactalbumin hydrolysate and 10 mg/ml gen-
tamicin. Recombinant cDNA was cotransfected into SF9 cells with

replication-defective Baculogold baculovirus DNA (Pharmingen). Re-
sulting baculoviruses were plaque-purified to generate pure baculo-
viral stocks, which were used to express recombinant proteins in
High-Five insect cells. Recombinant human VEGF was purified from
High-Five cell conditioned medium by heparin-Sepharose (Pharma-
¢ia) chromatography, followed by reverse-phase HPLC using a Vydac
C,s column (0.46 X 25 cm) (The Separations Group, Hesperia, CA)
and molecular sieving HPLC on a Biosep-83000 column (0.75 X 50
cm) (Phenomenex Inc., Torrance, CA). Flt-1, Flt-1,x and chimeric
Flt—1/embigin receptors were expressed as membrane-bound pro-
teins. High-Five cells expressing recombinant receptor proteins were
sonicated in buffer containing 20 mM Tris-HCl (pH 7.5), 2 mM
EDTA, 1 mM PMSF, 50 mg/ml aprotinin and 50 mg/ml leupeptin (all
from Sigma Chemical Co., St. Louis, MO), and membrane fragments
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were collected by centrifugation at 228,000g. Protein glycosylation
was inhibited by incubating cells with 0.5 mg/ml tunicamycin (Cal-
Biochem, La Jolla, CA) from 24 h postinfection until membranes
were harvested at 48 h postinfection.

VEGF binding assays. Recombinant VEGF was jodinated with
125] o an average specific activity of 5.49 X 10° cpm/ng using the
chloramine:T method (Montelaro and Rueckert, 1975). High-Five
cells were seeded at 1 X 10° cells/well in 48-well plates and then
infected with baculovirus encoding Flt-1, Flt-1/embigin chimeras or
Flt-1 mutants. At 48 h post-infection, VEGF binding experiments
were performed in a final volume of 100 ml/well. For VEGF binding
tests, 100 pM ["®I)-VEGF was added to cells in the presence or
absence of 100-fold excess unlabeled VEGF in binding buffer consist-
ing of DME/F12 medium (pH 7.4) containing 5 mg/ml BSA (Sigma),
1 mg/ml heparin (Sigma) and 25 mM Hepes (Research Organics,
Cleveland, OH). For saturation binding, 10 pM to 5 nM VEGF were
added to cells in the presence or absence of 100-fold excess unlabeled
VEGF. All binding reactions were incubated at 4°C for 8 h and then
washed with PBS containing 5 mg/ml BSA. Cells were lysed with
0.1% NaOH, and bound radioactivity was quantified with an LKB
Model 1261 gamma counter.

RESULTS

Biological activity of recombinant VEGF. Purified
recombinant VEGF was quantified by amino acid anal-
ysis. Recombinant VEGF stimulated HUVEC prolifer-
ation in a time- and dose-dependent manner. In 5-day
growth assays HUVEC numbers reached 2.8-fold con-
trol levels in the presence of 5 ng/ml VEGF (data not
shown). The mitogenic effect of recombinant VEGF on
HUVEC was maximal at a concentration of 10 ng/ml
(Fig. 2A). Thus, recombinant VEGF expressed by in-
sect cells was as potent a mitogen for HUVEC as nat-
ural VEGF produced by A431 cells (Myoken et al.,
1991).

Characterization of the minimal VEGF binding site
of Flt-1. Recombinant Flt-1,x expressed by insect
cells was detected by western blotting as a 110 kDa
membrane-bound protein using an N-terminal-specific
anti-Flt-1 antibody (Fig. 2B). Flt-1,x contained the
seven extracellular Ig-loops and the transmembrane
region of Flt-1, but it lacked the intracellular tyrosine
kinase domain. Intact Flt-1 migrated as a 190 kDa
band while recombinant embigin was not recognized by
the anti-Flt-1 antibody. VEGF bound to Flt-1ux in a
saturable manner with an apparent K, of 190 pM (Fig.
20C). Chimeric Flt-1/embigin receptors had lower mo-
lecular masses relative to Flt-1,x, reflecting fewer Ig-
loops (Figs. 1 and 3A). Multiple bands were recognized
for chimeric receptors containing three or less Ig-loops.
To determine whether or not these multiple bands
were due to differential receptor glycosylation cells
transiently expressing F123/E, F12/2E, F23/E or F2/2E
chimeras were incubated in the presence or absence of
the glycosylation inhibitor tunicamycin (Fig. 3B). In
the presence of tunicamycin, non-glycosylated chimeric
receptors were detected as single bands, which indi-
cated that the multiple bands detected for each chi-
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TABLE 2

Affinity of VEGF Binding to Chimeric
and Mutant Flt-1 Receptors

VEGF binding affinity

Receptor (K, value) Relative K, value
Flt-1 190 pM 1.00
F1234/12E 250 pM 1.32
F123/E 180 pM 0.95
F12/2E 260 pM 1.37
F23/E. 230 pM 1.21
F2/2E 4000 pM 21.58
F1/12E N.D. N.D.
R224A 180 pM 0.95
D231A 130 pM 0.68

mera resulted from differential glycosylation of a sin-
gle receptor protein.

VEGF bound to Flt-1 and to most chimeric Fit-1/
embigin receptors, but not to embigin (Fig. 4A). VEGF
bound to chimeric receptors containing Flt-1 Ig-loops
1-4, 1-3, or 1-2 (F1234/12E, F123/E, and F12/2E, re-
spectively) with affinities similar to that of Flt-1,x
containing an intact extracellular domain (Table 2).
However, replacing Flt-1 loop-2 with an embigin Ig-
loop (F1/12E) abolished VEGF binding. These results
indicated that loop-2 of Flt-1 was required for VEGF
binding, and they demonstrated the inability of Flt-1
loop-1 alone to support VEGF binding. Deleting Flt-1
loop-1 (F23/E) did not significantly reduce the affinity
of VEGF binding (Fig. 4B). Despite the requirement for
Flt-1 loop-2 for binding, a chimeric receptor containing
only loop-2 of Flt-1 (F2/2E) bound VEGF very weakly.

Ability of Flt-1 mutants to bind VEGF. The Flt-1,x
receptor mutants R224A and D231A were expressed on
the surface of insect cells (Fig. 5A), and the protein
products had similar molecular masses as wild-type
Flt-1,7x. VEGF bound to the mutants R224A and
D231A with affinities similar to membrane-bound Flt-
1, (K; = 190 pM) (Fig. 5B): VEGF bound to the
R224A mutant with a K, of 180 pM and to the D231A
mutant with a Ky of 130 pM.

DISCUSSION

VEGF was previously reported to bind with high
affinity to an Flt-1/Flt-4 chimeric receptor containing
only loop-2 of Flt-1 (Davis-Smyth et al., 1996). How-
ever, given that Flt-4 is homologous to Flt-1, chimeras
between Flt-1 and a less closely related protein may
have provided additional information about the mini-
mal structural requirements of Flt-1 for VEGF bind-
ing. Other reports indicated that loops 1-2 or 1-3 of
soluble Flt-1 receptors were required for high-affinity
VEGF binding (Cunningham et al., 1997b; Barleon et
al., 1997). Possible explanations for the disparity of
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FIG. 5. Analyses of Flt-1,x mutants. (A) Wild-type and mutant Flt-1,mx receptors were separated by SDS-PAGE, transferred to PVDF,
and immunoblotted with and anti-Flt-1 polyclonal antibody. (B) Comparison of Scatchard plots for the saturation binding of VEGF to

wild-type and mutant Flt-1,x receptors on intact High-5 cells.

these findings are differences in the experimental sys-
tems used, the domain boundaries chosen, the inclu-
sion of non-Flt-1 Ig-loops, and the nature of non-Flt-1
flanking Ig-loops. The use of membrane-bound Flt-1/
embigin chimeric receptors in our experimental system
was chosen to reflect VEGF binding to endogenous
membrane-bound Flt-1, while minimizing any poten-
tial contributions of non-Flt-1 sequences. We found
that although Ig-loop 2 of Flt-1 played a dominant role
in VEGF binding, it was not sufficient of itself for high

affinity binding. Strong VEGF binding required loop-2
of Flt-1 in combination with either loop-1 or loop-3.
While individually deleting or replacing loops-1 or 3 of
Flf-1 with embigin Ig-loops did not significantly affect
the affinity of VEGF binding, simultaneously replacing
or deleting both loops 1 and 3 of Flt-1 drastically af-
fected binding (Table 2). Our results indicate that the
Ig-loops surrounding loop-2 of Flt-1 do play an impor-
tant role in binding VEGF and that although they can
be substituted for by the homologous Ig-loops of Flt-4,
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they cannot be functionally replaced by embigin Ig-
loops.

Replacing the Flt-1 amino acid residues Arg-224
and Asp-231 with alanines did not reduce the affinity
for VEGF in the context of a full-length membrane-
bound Flt-1 extracellular domain (Fig. 5B and Table
2). This finding contrasts with a previous report that
Asp-231 of Flt-1 was functionally required for full
VEGF binding to soluble Flt-1,,; (Davis-Smyth et
al., 1998). The reason for these different results is
unknown. However, it is plausible that the replace-
ment of Asp at position 231 in a complete Flt-1
extracellular domain has less of an impact on ligand
binding than it does in a truncated extracellular
domain. Further mutational analysis of the extracel-
lular domain of membrane-bound Flt-1 should pro-
vide insights into the contributions of specific Flt-1
amino acid residues and sequences to the ligand-
binding activity of this receptor.

A recent report using soluble KDR-IgG receptors
found that Ig-loop domains 2-3 of KDR were essential
for VEGF binding (Fuh et al., 1998). Thus, there are
similarities between the location of the VEGF binding
site of Flt-1 and KDR, with the exception that Ig-loop 3
of KDR appears to be strictly required for VEGF bind-
ing. Although there is increasing evidence that the
mitogenic effect of VEGF is mediated by KDR, the
importance of Flt-1 is emphasized by the lethal effect of
disrupting this gene in mouse embryonic development
(Fong et al., 1995). In contrast, mice developed normal
vessels and survived when the tyrosine kinase domain
of Fit-1 was deleted (Flt-1™7") without affecting the
ligand binding region (Hiratsuka et al., 1998). How-
ever, these Flt-1™"" mice had suppressed VEGF-
dependent macrophage migration. This suggests that
the major role of Flt-1 in blood vessel development may
be as a ligand binding molecule rather than as a sig-
naling molecule.

In conclusion, our finding that the minimal VEGF
binding region of Flt-1 involves two of the three
N-terminal Ig-loop domains of Flt-1 is reminiscent of
the ligand binding determinants described for other
Ig-loop-containing growth factor receptor tyrosine ki-
nases including oPDGFR (Heidaran et al., 1990),
BPDGFR (Heidaran et al., 1995), c-Kit (Levetal., 1993)
and FGFRs 1 and 2 (Johnson et al., 1990). This sug-
gests that Ig-loop containing growth factor receptors
bind their ligands through contiguous receptor do-
mains that assemble conformationally into ligand
binding sites.
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MAP Kinases, Phosphatidylinositol 3-Kinase,
and p70 S6 Kinase Mediate the Mitogenic

Response of Human Endothelial Cells to
Vascular Endothelial Growth Factor

YING YU anp ). DENRY SATO*
Adirondack Biomedical Research Institute, Lake Placid, New York

Although the significance of vascular endothelial growth factor (VEGF) and its
receptors in angiogenesis is well established, the signal transduction cascades
activated by VEGF and their involvement in mediating the mitogenic response of
endothelial cells to VEGF are incompletely characterized. Here we demonstrate
that VEGF activates mitogen-activated protein (MAP) kinases, including the ex-
tracellular signal-regulated protein kinase (ERK) and p38 MAP kinase, phospha-
tidylinositol 3-kinase (P! 3-kinase), and p70 S6 kinase in human umbilical vein
endothelial cells (HUVEC). The activation of these enzymes was assayed by
kinase phosphorylation and by kinase activity towards substrates. Studies with P

. 3-kinase inhibitors revealed that activation of p70 S6 kinase was mediated by P!

3-kinase. Selective inhibition of ERK, Pl 3-kinase, and p70 S6 kinase with the
inhibitors PD098059, LY294002, and rapamycin, respectively, inhibited VEGF-
stimulated HUVEC proliferation. In marked contrast, the p38 MAP kinase inhib-
itor SB203580 not only failed to inhibit but actually enhanced HUVEC prolifer-
ation; this effect was associated with the phosphorylation of Rb protein. Rb
phosphorylation resulted from a decrease in the level of the cdk inhibitor p27*¥*,
These results indicate that the activities of ERK, P} 3-kinase, and p70 S6 kinase are
essential for VEGF-induced HUVEC proliferation. p38 MAP kinase suppresses
endothelial cell proliferation by regulating cell-cycle progression. } Cell Physiol

178:235-246, 1999. © 1999 Wiley-Liss, Inc.

Vascular endothelial growth factor (VEGF) is a key
regulator in both physiological and pathological angio-
genesis (Connolly et al., 1989; Kim et al., 1993; Carme-
liet et al., 1996). VEGF is distinct from other angio-
genic factors in that it is an endothelial cell-specific
mitogen (Leung et al., 1989; Keck et al., 1989; Myoken
et al., 1991). VEGF plays a critical role in the regula-
tion of endothelial cell proliferation, which is a major
step in angiogenesis (Risau, 1997). The biological ef-
fects of VEGF are mediated by the specific receptor
tyrosine kinases KDR/Flk1 and Flt1, which are com-
posed of seven extracellular Ig-like domains, a single
transmembrane sequence, and an intracellular region
containing split tyrosine kinases (Mathews et al., 1991;
de Vries et al., 1992; Terman et al., 1992; Quinn et al.,
1993). Although it is known that VEGF receptors un-
dergo autophosphorylation in response to VEGF (Myo-
ken et al., 1991; Quinn et al., 1993; Seetharam et al.,
1995), the subsequent biochemical events mediating
the mitogenic response of endothelial cells to VEGF
have not been completely characterized. Previous stud-
ies have demonstrated the VEGF-dependent phosphor-
ylation of several cytoplasmic signaling proteins, in-
cluding phosphatidylinositol 3-kinase (PI 3-kinase),
PLCv, Ras GTPase-activating protein, the adapter pro-
teins NcK (Guo et al., 1995) and Shc (Kroll and Walt-

© 1999 WILEY-LISS, INC.

enberger, 1997), and focal adhesion kinase (Abedi and
Zachary, 1997). These proteins can potentially partici-
pate in receptor signaling pathways.

In mammalian cells, ligand binding to receptor ty-
rosine kinases trigger the activation of downstream
signaling enzymes, including MAP kinase, PI 3-kinase,
p70 S6 kinase, and PLCy (Marshall, 1995). Activation
of these signaling intermediates transduces extracellu-
lar signals to the nucleus and ultimately regulates
gene expression and cellular responses such as cell
proliferation, migration, differentiation, and apoptosis.
This model has not been completely tested with respect
to VEGF-receptor signaling. The goal of the present
study was to characterize the signaling enzymes that
mediated the mitogenic response of endothelial cells to
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VEGF. ERK, p38 MAP kinase, PI 3-kinase, and p70 S6
kinase were studied.

Three distinct MAP kinases, ERK, p38 MAP kinase,
and c-Jun N-terminal kinase (JNK)/stress-activated
protein kinase, have been shown to respond to growth
factors, stress, and inflammatory cytokines (Cobb and
Goldsmith, 1995; Raingeaud et al., 1995). ERK, which
consists of two members, ERK1 and ERK2, phosphor-
ylates a variety of intracellular proteins, including
other kinases and transcription factors (Hill and Treis-
man, 1995). Signaling through the well-characterized
Ras/RaffMEK/ERK cascade can regulate differentia-
tion, proliferation, or oncogenic transformation de-
pending on cellular context (Marshall, 1995). JNK
phosphorylates and activates the transcription factors
cjun and activating transcription factor-2 (ATF-2)
(Pulverer et al., 1991; Gupta et al., 1995). A complex of
cjun and ATF-2 binds to the AP-1 site of the c-jun
promoter, thereby stimulating its transcription. p38
MAP kinase is a potent activator of MAPKAP kinase-2,
which phosphorylates the small heat shock protein
hsp27 (Freshney et al., 1994; Rouse et al., 1994). Hsp27
in turn has been suggested to modulate actin microfila-
ment dynamics and cellular thermoresistance (Lavoie
et al., 1995). Activation of PI 3-kinase, which catalyzes
the formation of phosphatidylinositol 3, 4, 5-phosphate
(PIP3), has been implicated in the regulation of many
cellular processes, including actin cytoskeleton reorga-
nization and cell proliferation and migration (Fantl et
al., 1992; Kundra et al., 1994; Wennstrom et al., 1994).
p70 S6 kinase is a mitogen-regulated ser/thr kinase
consisting of cytosolic p70 and nuclear p85 isoforms.
This enzyme phosphorylates 40S ribosomal protein S6,
which itself plays a role in protein synthesis (Erikson,
1991; Kozma and Thomas, 1994). VEGF-stimulated
ERK and p38 MAP kinase enzymatic activities have
been described by others (D’Angelo et al., 1995;
Seetharam et al., 1995; Rousseau et al., 1997). How-
ever, the individual roles of ERK and p38 MAP kinase
in the regulation of VEGF-induced endothelial cell pro-
liferation were not elucidated. The presence, activa-
tion, and function of PI 3-kinase and p70 S6 kinase in
human endothelial cells have not been previously ex-
plored.

In this study, we have thoroughly characterized
VEGF-stimulated activation of ERK, p38 MAP kinase,
PI 3-kinase, and p70 S6 kinase in human umbilical
vein endothelial cells (HUVEC). These cells endog-
enously express KDR and Flt1 VEGF receptors (Walt-
enberger et al., 1994) and not supraphysiological levels
of recombinant VEGF receptors. With potent inhibitors
of MEK, p38 MAP kinase, PI 3-kinase, and p70 S6
kinase, our data indicate that the activities of MAP
kinase, PI 3-kinase, and p70 S6 kinase are essential for
VEGF-induced endothelial cell proliferation, while p38
MAP kinase has a negative effect on endothelial cell

growth, and its activity is associated with suppression

of Rb phosphorylation.

MATERIALS AND METHODS
Reagents
Dulbecco’s modified Eagle’s medium (DMEM) and
F-12 nutrient mixture (F-12) were purchased from Life
Technologies, Inc. (Bethesda, MD). Fetal bovine serum,
type I collagen, basic fibroblast growth factor (bFGF),
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and EGF were from Upstate Biotechnology (Lake
Placid, NY). Dil-Ac-LDL was from Biomedical Technol-
ogies (Stoughton, MA). Antibodies used were as fol-
lows: polyclonal anti-phospho-ERK, anti-phospho-p38
MAP kinase, and anti-p38 MAP kinase antibodies from
New England Biolabs (Beverly, MA); polyclonal anti-
MAP kinase R2 (Erk1-CT), monoclonal anti-ERK2, and
polyclonal anti-MAPKAP kinase-2 from Upstate Bio-
technology; polyclonal anti-p70 S6 kinase and anti-
cyclin D1 from Santa Cruz Biotechnology (Santa Cruz,
CA); monoclonal anti-Rb from Pharmingen (San Diego,
CA); and monoclonal anti-PI 3-kinase (p85) and anti-
phosphotyrosine (PY20) from Transduction Laborato-
ries (Lexington, KY). Inhibitors used were PD098059
from Research Biochemicals International (Natick,
MA), LY294002 from Biomol (Plymouth Meeting, PA),
rapamycin from ICN Pharmaceuticals, Inc. (Costa
Mesa, CA), and SB203580 from Calbiochem (La Jolla,
CA). Kinase substrates used were myelin basic protein
(MBP) and MAPKAP kinase-2 substrate peptide
(KKLNRTLSVA) from Upstate Biotechnology, p70 S6
kinase substrate peptide (RRLSSLRA) from Santa
Cruz Biotechnology, and phosphatidylinositol from

. Sigma (St. Louis, MO). Protein A-Sepharose and pro-

tein G—agarose were from Pierce (Rockford, IL). [y- 2P
ATP was from New England Nuclear (Boston, MA).
Polyvinylidene fluoride (PVDF) membrane was from
Millipore (Bedford, MA). Enhanced chemiluminescence
(ECL) Western blotting detection reagents were from
Amersham (Arlington Heights, IL). Silica gel 60 TLC
plates were from EM-Science (Fort Washington, PA).
All other chemicals were from Sigma.

VEGF

Human VEGF,4; cDNA was cloned from A431 epi-
dermoid carcinoma cells by RT-PCR and subcloned into
the baculovirus expression vector PVL1392 (Invitro-
gen, Carlsbad, CA). After infection of High 5 insect
cells (Invitrogen) with recombinant virus encoding
VEGF, VEGF was purified from conditioned medium
by heparin-Sepharose chromatography, followed by re-
verse phase HPLC and gel filtration HPLC. The con-
centration of VEGF was determined by amino acid
analysis, and its identity was confirmed by N-terminal
amino acid microsequencing. The mitogenic activity of
recombinant VEGF was tested on HUVEC.

Cell culture and cell proliferation assay

HUVEC were isolated from human umbilical cord
veins as described by Hoshi and McKeehan (1984) and
maintained in collagen-coated tissue culture plates in .
complete growth medium (DMEM/F-12 supplemented
with 10% fetal bovine serum (FBS), 10 ng/m! bFGF, 10
pg/ml heparin, and 100 pg/ml kanamycin) at 37°C in
5% CO,. HUVEC were identified as endothelial cells by
their uptake of fluorescent acetylated low density li-
poprotein (Voyta et al., 1984). HUVEC from passages
6—12 were used in this study. Confluent cell cultures
were dispersed and plated at a density of 2 X 10*
cells/cm? in culture plates (80% confluent) in complete
growth medium or DMEM/F-12 containing 10% FBS.
Five to eight hours later, the cells were serum-starved
in DMEM/F-12 containing 0.1-1% FBS for 15-20 h.
Prior to the addition of growth factors or inhibitors, the
medium was replaced with fresh DMEM/F-12. After
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serum starvation, no significant apoptosis of the adher-
ent cells was detected by flow cytometry or TUNEL
assay. In cell proliferation assays, HUVEC were seeded
at a density of 1 X 10* cells per well into 24-well tissue
culture plates in DMEM/F-12 containing 10% FBS;
12 h later the indicated reagents were added. After 5
days, cell numbers were counted with a Coulter (Hi-
aleah, FL) counter. Cell viability was assessed by the
ability of the cells to exclude trypan blue.

ERK2 and p70 S6 kinase mobility shift assays

Equal numbers of untreated or growth factor—stimu-
lated cells were washed with ice-cold phosphate buff-
ered saline (PBS) and lysed in 2X SDS-PAGE sample
buffer (Laemmli, 1970). After boiling at 100°C for 5
min, the lysates were briefly sonicated and then sub-
jected to SDS-PAGE using the following polyacryl-
amide gel formulae: 15% acrylamide/0.075% bisacryl-
amide for ERK2 and 7.5% acrylamide/0.075%
bisacrylamide for p70 S6 kinase. Separated proteins
were transferred to PVDF membranes and analyzed by
immunoblotting with antibodies to ERK2 and p70 S6
kinase.

Immunoprecipitation of kinase activity

After treatment, the cells were lysed in ERK lysis
buffer (50 mM Tris-HC}, pH 8.0, 150 mM NaCl, 5 mM
EDTA, 50 mM NaF, 40 mM B-glycerophosphate, 0.25%
sodium deoxycholate, 1% Triton X-100), MAPKAP ki-
nase-2 lysis buffer (20 mM Tris-HC], pH 7.4, 150 mM
NaCl, 10% glycerol, 2 mM EDTA, 20 mM NaF, 2 mM
sodium pyrophosphate, 1% Triton X-100), PI 3-kinase
lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5
mM EDTA, 1% NP-40), or p70 S6 kinase lysis buffer
(10 mM potassium phosphate buffer, pH 7.2, 1 mM
EDTA, 5 mM EGTA, 10 mM MgCl,, 2 mM DTT, 0.5%
NP-40) supplemented with 1 mM sodium orthovana-
date, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, and 1 pg/ml pepstatin.
The lysates were cleared by centrifugation at 13,0008
for 15 min at 4°C, and anti-MAP kinase R2, anti-
MAPKAP kinase-2, anti-phosphotyrosine PY20, or an-
ti-p70 S6 kinase antibodies were added. After 1 h in-
cubation at 4°C, 30 ul of a 50% protein A—Sepharose
slurr% were added, and the lysates were rotated for 1 h
at 4°C.

In vitro ERK assay

ERK activity was assessed by performing immune
complex kinase assays (Pages et al., 1994). Briefly,
ERK immunoprecipitates were washed twice in RIPA
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5%
sodium deoxycholate, 0.1% SDS, 10 ug/ml leupeptin,
1% NP-40) and once in kinase buffer (20 mM HEPES,
pH 7.6, 20 mM MgCl,, 1 mM MnCl,, 10 mM p-nitro-

phenylphosphate, 0.1 mM NagVO,, 1 mM DTT). The -

immune complexes were incubated at 30°C for 20 min
with 30 pl of kinase buffer containing 8 pg MBP, 20 uM
ATP, and 5 pCi [y-32P] ATP. The assay was terminated
by the addition of 6X SDS-PAGE sample buffer. The
products were resolved on 15% SDS-PAGE and trans-
ferred to PVDF membranes. Phosphorylated MBP was
visualized by autoradiography. ERK was quantified by
Western blot analysis.
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Kinase assay of MAPKAP kinase-2

Kinase activity was measured as previously de-
scribed by Foltz et al. (1997), Clifton et al. (1996), and
Crawley et al. (1996) with the following modifications.
The immunoprecipitates were washed three times in
lysis buffer and twice in kinase buffer (25 mM HEPES,
pH 7.4, 25 mM MgCl,, 25 mM B-glycerophosphate, 0.1
mM NazVO,, 2 mM DTT, and 25 uM ATP). The kinase
assay was initiated by the addition of 25 pl kinase
buffer containing 1 pg of %eptide substrate (KKLN-
RTLSVA) and 10 uCi of [y-2P] ATP. After 20 min at
30°C, the reaction was terminated by adding 6X SDS-
PAGE sample buffer. The phosphorylated peptide sub-
strate was resolved by SDS-PAGE in 20% acrylamide/
0.07% bisacrylamide in the presence of 0.72 M
B-mercaptoethanol, and it was visualized by autora-
diography of the dried SDS-polyacrylamide gel.

In vitro PI 3-kinase assay

Lipid kinase assays were performed as described by
Whitman et al. (1985) with the following modifications.
After washing three times in lysis buffer and once in
kinase buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl,
0.5 mM EGTA), the immunoprecipitates were incu-
bated with 10 pg of phosphatidylinositol sonicated in
50 pl of kinase buffer at 25°C for 10 min. One microliter
of 1 M MgCl, and 10 p.Ci [y-3P] ATP were added, and
the incubation was continued for a further 10 min.
Reactions were stopped by the addition of 0.1 ml of 1 N
HCI and 0.2 ml chloroform/methanol (1:1). The organic
phase was washed once with methanol/1 N HCI (1:1).
Phospholipids were separated on potassium oxalate—
treated thin layer chromatography (TLC) plates and
developed with chloroform/methanol/30% ammonium
hydroxide/H,O (46: 41:5:8). The TLC plates were dried
and subjected to autoradiography. Quantitation of ra-
dioactivity incorporated into lipids was performed by
liquid scintillation counting of radioactive spots.

In vitro p70 S6 kinase assay

The assay was carried out as described by Crawley et
al. (1996) and Dahl et al. (1996). After washing, the
immunoprecipitates were resuspended in 10 pl of ki-
nase buffer (50 mM MOPS, pH 7.2, 1 mM DTT, 30 uM
ATP, 5 mM MgCl,, 10 mM p-nitrophenylphosphate)
containing 0.5 pg S6 peptide substrate (RRRLSSLRA),
10 ng IP-20 (protein kinase A inhibitor) and 5 nCi
[vy-32P] ATP. Reactions proceeded for 30 min at 30°C,
and they were stopped by the addition of 6X SDS-
PAGE sample buffer. The phosphorylated peptide sub-
strate was resolved by SDS-PAGE in 20% acrylamide/
0.07% bisacrylamide in the presence of 0.72 M
B-mercaptoethanol and visualized by autoradiography.
The radioactive bands were excised from the gel and
quantified by liquid scintillation counting.

RESULTS
VEGF stimulates the activation
of ERK in HUVEC

To determine whether VEGF induced phosphoryla-
tion of ERK, we treated serum-starved HUVEC with 50
ng/ml VEGF for the indicated times (Fig. 1A). Western
blot analysis of cell lysates demonstrated that ERK2
was transiently phosphorylated. Phosphorylated ERK2
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Fig. 1. VEGF-stimulated ERK activation in HUVEC. A; VEGF-stim-
ulated ERK2 electrophoretic mobility shift. Serum-starved cells were
left untreated or stimulated with VEGF (50 ng/ml), bFGF (50 ng/ml)
or EGF (20 ng/ml) for the indicated times. Cell lysates were analyzed
by Western blotting with an anti-ERK2 monoclonal antibody. B:
VEGF-stimulated phosphorylation of ERK1 and ERK2. Cells were left
untreated (Control) or stimulated with VEGF, bFGF or EGF for 10
min. Phosphorylated ERK1 and ERK2 were detected with phos-

exhibited reduced electrophoretic mobility relative to
the nonphosphorylated form. Phosphorylation was de-
tectable within 5 min, reached a peak within 10 min,
and decreased to near basal level by 30 min. The pat-
tern of ERK2 phosphorylation in control cells treated
with 50 ng/ml bFGF was similar to that induced by
VEGF, while the cells exposed to 20 ng/m} EGF showed
a faster and stronger response. The kinetics of ERK1
phosphorylation in response to VEGF was similar to
that of ERK2 (data not shown). VEGF-induced phos-
phorylation of both ERK1 and ERK2 was also observed
in Western blots probed with specific antibodies to
phosphorylated ERK (Fig. 1B). In dose-response exper-
iments, 10 ng/ml VEGF, which is sufficient for optimal
HUVEC proliferation in vitro, induced the same level
of ERK phosphorylation as 50 ng/ml VEGF (data not
shown). ERK activation was further confirmed in an
enzymatic activity assay of ERK immunoprecipitates
using MBP as substrates (Fig. 1C). Treatment of cells
with VEGF for 10 min resulted in an eightfold increase
in MBP phosphorylation. These results clearly indi-
cated that VEGF activated ERK in HUVEC.

Activation of p38 MAP kinase
by VEGF in HUVEC

To determine the kinetics of VEGF-induced p38 MAP
kinase phosphorylation, we used an antibody specific
for active p38 MAP kinase. This antibody recognizes
p38 MAP kinase phosphorylated on the threonine and
tyrosine of the TGY motif (Han et al., 1994; Raingeaud
et al., 1995). Stimulation of HUVEC with VEGF re-

phospecific ERK antibodies (upper panel). After being stripped, the
blot was reprobed with anti-ERK antibodies to quantitate loading
(lower panel). C: VEGF-stimulated ERK activity. Cells were left
untreated (-) or stimulated with VEGF (50 ng/ml) (+) for 10 min.
Kinase activity of ERK was determined against MBP in an in vitro
kinase assay. The results shown are representative of three indepen-
dent experiments.

sulted in a rapid and transient phosphorylation of p38
MAP kinase, with a maximal response at 10 min (Fig.
2A). In contrast, no VEGF-dependent phosphorylation
of the p54 and p46 isoforms of c-jun N-terminal kinase
(JNK) was observed (data not shown). To demonstrate
that VEGF stimulated p38 MAP kinase activity in
these cells, we evaluated the activation of MAPKAP
kinase-2, which is an in vivo substrate of p38 MAP
kinase (Freshney et al., 1994; Rouse et al., 1994).
MAPKAP kinase-2 was immunoprecipitated from cells
treated with either VEGF or control tumor necrosis
factor (TNF) o (Pietersma et al., 1997), and its activity
was measured in an in vitro kinase assay (Fig. 2B).
VEGF induced the activation of MAPKAP kinase-2 in a
time-dependent manner. Maximal activity was ob-
served at 10 min. Similar results were obtained when
the kinase assay was performed using recombinant
small heat shock protein (Hsp27) as a substrate (data
not shown). To examine whether the activation of
MAPKAP kinase-2 was due to p38 MAP kinase, we
pretreated cells with SB203580, a specific inhibitor of
p38 MAP kinase (Young et al., 1997), prior to VEGF

. addition. Pretreatment with 10 uM SB203580 for 20
min blocked the VEGF-induced activation of MAPKAP
kinase-2, indicating MAPKAP kinase-2 is downstream
of p38 MAP kinase in HUVEC (Fig. 2B).

VEGF induces PI 3-kinase activation in HUVEC

To test for a possible role of PI 3-kinase as a signaling
intermediate for VEGF receptors in HUVEC, we deter-
mined whether VEGF stimulated PI 3-kinase activity.
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Fig. 2. VEGF-stimulated p38 MAP kinase activation in HUVEC. A:
Phosphorylation of p38 MAP kinase by VEGF. Serum-starved cells
were left untreated or were stimulated with VEGF (50 ng/ml) for the
indicated times. Cell lysates were analyzed by Western blotting with
a phosphospecific p38 MAP kinase antibody (left upper panel). The
blot was reprobed with an anti-p38 MAP kinase antibody (left lower
panel). Phosphorylation of p38 MAP kinase was quantitated by den-
sitometry (right panel). The results shown are representative of

Kinase activity was assessed by anti-phosphotyrosine
immunoprecipitation followed by in vitro kinase assays
using phosphatidylinositol as a substrate. VEGF stim-
ulated a transient burst of lipid kinase activity. The
increase was clearly detectable by 2 min and was max-
imal by 5 min (Fig. 3A,B). Maximal activation was
three to four times the untreated control. The in-
creased kinase activity was not due to variations in the
amount of PI 3-kinase subjected to immunoprecipita-
tion, as demonstrated by Western blot analysis
(Fig. 3C).

VEGF stimulates p70 S6 kinase activation
in HUVEC

In response to VEGF, both isoforms (p70 and p85) of
p70 S6 kinase in HUVEC were hyperphosphorylated
within 15 min, and they remained phosphorylated with
a slight decrease for at least 60 min (Fig. 4A). The
" hyperphosphorylation resulted in reduced electro-
phoretic mobility of several bands due to phosphoryla-
tion of multiple sites on p70 S6 kinase (Chou and
Blenis, 1996). EGF-induced phosphorylation of the ki-

three independent experiments. B: Activation of MAPKAP kinase-2
by VEGF. After incubation with or without 10 M of SB203580 (SB)
for 20 min, the cells were then left untreated or treated with VEGF
(50 ng/ml) or TNFa« (50 ng/ml) as a positive control for the indicated
times. Activity of MAPKAP kinase-2 was determined towards a syn-
thetic peptide substrate (KKLNRTLSVA). The phosphorylated pep-
tide was visualized after SDS-PAGE by autoradiography. The results
shown are representative of two independent experiments.

nase decreased visibly by 45 min, which was consistent
with the EGF effect on p70 S6 kinase activation in’
Swiss 3T3 cells (Chen et al.,, 1991). To determine
whether VEGF-stimulated phosphorylation correlated
with increased kinase activity, we exposed HUVEC to
50 ng/ml VEGF for various times. Kinase activity to-
wards a synthetic peptide substrate was measured in
p70 S6 kinase immune complexes. VEGF maximally
induced p70 S6 kinase activity approximately fourfold
over the untreated control, and the activity was sus-
tained for at least 60 min (Fig. 4B). Thus, the kinetics
of VEGF-stimulated p70 S6 kinase activity correlated
well with that of the kinase phosphorylation induced
by VEGF.

Interactions of ERK, PI 3-kinase, and p70 S6
kinase in VEGF-induced signal transduction
in HUVEC

We used specific kinase inhibitors to investigate the
possibility of cross-talk between the pathways acti-
vated by VEGF in HUVEC. PD098059 is a specific
inhibitor for MEK (ERK kinase) (Alessi et al., 1995).
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Fig. 3. VEGF-stimulated PI 3-kinase activation in HUVEC. Serum-
starved cells were treated with VEGF (50 ng/ml) or 10% FBS as a
positive control for the indicated times. Cell lysates were immunopre-
cipitated with an anti-phosphotyrosine monoclonal antibody (PY20).
The associated PI 3-kinase activity was assayed in the immune com-
plexes against phosphatidylinositol (PI). A: Radioactive lipids were
separated by thin layer chromatography and visualized by autora-
diography. The positions of the origin and PI phosphate (PIP) are
indicated. B: The radioactive spots were quantitated by liquid scin-
tillation counting. Kinase activation is expressed as fold increase over
the activity level at 0 min. C: PI 3-kinase in cell lysates used in the
immunoprecipitations was quantitated by Western blotting with an
anti-PI 3-kinase (p85) antibody. The results are representative of two
independent experiments.

LY294002 and the immunosuppressant rapamycin
have been characterized as selective inhibitors for PI
3-kinase and p70 S6 kinase, respectively (Chung et al.,
1992; Vlahos et al., 1994). Serum-starved HUVEC were
pretreated with either carrier (ethanol) or 10 nM rapa-
mycin, 50 pM LY294002, and 10 p M PD098059 for 10
min, and 50 ng/ml VEGF or 20 ng/ml EGF were then
added for the indicated times (Fig. 5, left panel). First
we examined the roles of PI 3-kinase and p70 S6 kinase
in VEGF-induced ERK activation. PD098059 com-
pletely blocked VEGF-stimulated phosphorylation of
ERK2, indicating ERK was indeed downstream of
MEK in these human endothelial cells. Pretreatment of
cells with rapamycin or LY294002 failed to inhibit the
mobility shift of ERK2 in response to VEGF. We then
evaluated the roles of PI 3-kinase in VEGF-stimulated
activation of p70 S6 kinase (Fig. 5, right panel). VEGF
alone stimulated p70 S6 kinase hyperphosphorylation.
- Pretreatment of cells with rapamycin or LY294002 pre-
vented the VEGF-induced phosphorylation of p70 S6
kinase. Both inhibitors reduced the basal phosphoryla-
tion level of this kinase, which was probably regulated
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by a yet unknown phosphatase (Dennis et al., 1996;
Pullen et al., 1998). Wortmannin, an L.Y294002 struc-
turally unrelated inhibitor of PI 3-kinase (Ui et al,,
1995), also inhibited phosphorylation of p70 S6 kinase
by VEGF to basal levels. Taken together, these results
indicate that PI 3-kinase is an upstream mediator of
p70 S6 kinase activation and that neither PI 3-kinase
nor p70 S6 kinase regulates VEGF-stimulated ERK
activation. Similarly, MEK and ERK do not impinge on
p70 S6 kinase, as demonstrated by the lack of effect of
PD098059 on VEGF-stimulated phosphorylation of p70
S6 kinase (data not shown). Since Ras can directly bind
PI 3-kinase in vitro (Rodriguez-Viciana et al., 1994), we
cannot exclude the possibility of cross-talk between the
ERK pathway and the PI 3-kinase pathway at the level
of Ras.

ERK, PI 3-kinase, and p70 S6 kinase are
essential for VEGF-induced HUVEC

proliferation

Since VEGF activated ERK, PI 3-kinase, and p70 S6
kinase, we examined their roles in mediating the
VEGF-induced mitogenic response of endothelial cells.
HUVEC were incubated in medium containing 10
ng/ml VEGF and increasing concentrations of inhibi-
tors. In the absence of inhibitors, cell numbers in-
creased two- to threefold in 5 days in response to VEGF
stimulation (Fig. 6A). PD098059 and LY294002 inhib-
ited cell proliferation in a dose-dependent manner and
had ICss of ~5 pM and ~450 nM, respectively.
HUVEC were extremely sensitive to rapamycin, which
had an IC;, of less than 10 pM. The three inhibitors
individually completely blocked cell proliferation,
while cell viability remained greater than 95%, as dem-
onstrated by trypan blue exclusion. At concentrations
that completely abolished VEGF-stimulated cell prolif-
eration, the inhibitors had little effect on cell number
in the absence of VEGF (Fig. 6C). Thus, the inhibitors
were not intrinsically cytotoxic at the concentrations
used, and their inhibitory effects on VEGF-induced
HUVEC proliferation did not result from nonspecific
cytotoxicity. These studies with specific inhibitors in-
dicate that the activities of ERK, PI 3-kinase, and p70
S6 kinase are required for VEGF-induced m1togenes1s
and they are not functionally interchangeable.

Role of p38 MAP kinase in HUVEC proliferation

To our knowledge, the role of the recently identified
p38 MAP kinase in growth factor—induced cell prolif-
eration has not been addressed. To investigate this
issue, HUVEC were incubated with the specific p38
MAP kinase inhibitor SB203580 at a range of concen-
trations in the presence or absence of VEGF (Fig.
6B,C). Surprisingly, SB203580 not only failed to inhibit
but strongly enhanced VEGF-induced cell proliferation
in a dose-dependent manner (Fig. 6B). Moreover,
SB203580 stimulated cell growth in the absence of
VEGF. SB203580 at a concentration (10 pM) that com-
pletely inhibited VEGF-induced p38 MAP kinase activ-
ity (Fig. 2) stimulated cell proliferation as well as 10
ng/ml VEGF alone. These data suggest that endoge-
nous and VEGF-stimulated p38 MAP kinase activity
suppresses endothelial cell proliferation.

To address the underlying mechanism by which p38
MAP kinase functions in endothelial cell proliferation,
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Fig. 4. VEGF-stimulated p70 S6 kinase activation in HUVEC. A:
VEGF-stimulated p70 S6 kinase phosphorylation. Serum-starved
cells were treated with VEGF (50 ng/ml) or control EGF (20 ng/ml) for
the indicated times. Cell lysates were analyzed by Western blotting
with anti-p70 S6 kinase antibodies. B: VEGF-stimulated p70 S6 ki-
nase activity. p70 S6 kinase was immunoprecipitated from cells
treated with VEGF (50 ng/ml) or control EGF (20 ng/ml) for the
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indicated times. Kinase activity was assayed against a peptide sub-
strate (RRRLSSLRA). Phosphorylated substrate was resolved on
SDS-PAGE and visualized by autoradiography (lower panel). The
peptide bands excised from the dried gel were quantitated by liquid
scintillation counting (upper panel). The kinase activation is ex-
pressed as fold increase over the activity level at 0 min. The results
shown are representative of three independent experiments.
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Fig. 5. Effects of rapamycin, LY294002, and PD098059 on VEGF-
stimulated ERK and p70 S6 kinase activation in HUVEC. Serum-
starved cells were preincubated with 0.1% ethanol (carrier), 10 nM
rapamycin (R), 50 pM LY294002 (LY), 100 nM wortmannin (WM) or
10 uM PD098059 (PD) for 10 min. The cells were then left untreated
(-) or stimulated (+) with VEGF (50 ng/ml) or EGF (20 ng/ml) for 10

we determined whether inhibition of p38 MAP kinase
with SB203580 had any effect on early signaling
events. Recently Zhang et al. (1997) reported that p38
MAP kinase had a negative effect on activation of
ERK2 in mediating TNFa and arachidonic acid produc-
tion in mast cells, suggesting communication between
ERK and p38 MAP kinase. We therefore examined the
effect of SB203580 on the activation of ERK. HUVEC

min (left panel) or 20 min (right panel). The phosphorylation of
ERK2 and p70 S6 kinase was detected by a shift in electrophoretic
mobility with anti-ERK (left panel) and anti-p70 S6 kinase antibodies
(right panel). The results shown are representative of three indepen-
dent experiments.

were incubated with either carrier (ethanol) or
SB203580 for 20 min prior to stimulation with VEGF
for 10 min (Fig. 7, upper panel). Pretreatment of the
cells with SB203580 had no effect on VEGF-stimulated
ERK phosphorylation. In addition, direct treatment of
cells with SB203580 for 10 min did not activate ERK
(Fig. 7, lower panel). We also observed no effect of this
inhibitor on ERK activation in time-course experi-
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Fig. 6. Inhibitory effects of PD098059, rapamycin, LY294002, and
SB203580 on VEGF-stimulated HUVEC proliferation. A: HUVEC
(1 X 10%well) in 24-well plates were incubated with 10 ng/ml VEGF
and increasing concentrations of PD098059, rapamycin, or LY294002.
Cell numbers were counted after 5 days. The results are presented as
the mean * range of duplicate values and are representative of three
independent experiments. B: HUVEC (1 X 10*well) were incubated
with the indicated concentrations of SB203580 in the absence ((1) and

ments (data not shown). These results indicated that
ERK was not a target of SB203580 action in these cells.

Intracellular signaling pathways transduce mito-
genic signals to the nucleus leading to gene expression
and subsequent cell-cycle progression. The hyperphos-
phorylation of retinoblastoma protein Rb by G1 cyclin-
dependent kinases (cdks) in response to growth stimuli
is a key event in S phase entry of the cell cycle (Sherr,
1994). Thus, phosphorylation of Rb is a useful indicator
for cells that are entering the cell cycle. Since
SB203580 stimulated cell proliferation, we examined
its effects on the phosphorylation of Rb. HUVEC were
rendered quiescent, and then they were treated for 24 h
with SB203580, VEGF, VEGF and SB203580, or com-
plete growth medium (Fig. 8). Western blot analysis
showed that Rb in control cells incubated with 1% FBS
alone was almost exclusively in its hypophosphorylated

form. Cells treated with either SB203580 or VEGF .

contained similar levels of hyperphosphorylated Rb,
which was detected by its slower electrophoretic mobil-
ity. Treatment of the cells with both VEGF and
SB203580 had a slightly stronger but not additive ef-
fect on Rb hyperphosphorylation. Rb completely shifted
to the hyperphosphorylated form in cells incubated in
complete growth medium. These results suggested that
p38 MAP kinase had a negative effect on basal and

presence (O) of 10 ng/ml VEGF for 5 days. The results are presented
as the mean * range of duplicate values and are representative of four
independent experiments. C: In the absence or presence of 10 ng/ml of
VEGF, HUVEC (1 X 10%well) were incubated with 15 uM PD098059
(PD), 1 uM LY294002 (LY), 20 pM rapamycin (R), or 10 pM SB203580
(SB) for 4 days. The results are presented as the mean + SE of
triplicate determinations and are representative of two independent
experiments.

VEGF-stimulated Rb phosphorylation, and they corre-
lated with the effect of this kinase on VEGF-induced
endothelial cell proliferation.

Since the immediate regulators of Rb phosphoryla-
tion are cyclin/cdk complexes and cdk inhibitors (Sherr,
1994; Lin et al., 1996), we examined the expression of
cyclin D1 and cdk inhibitors p21W2" and p27%®! under
the conditions used to study Rb phosphorylation.
Treatment of cells with SB203580 or VEGF caused a
marked decrease in the level of p27¥P! (Fig. 8).
SB203580 and VEGF in combination did not have an
additive effect on the expression of p27%*1, The levels -
of cyclin D1 and p21%#" did not change between
treated and untreated cells. Although the expression
and function of the three D-type cyclins (cyclin D1, D2,
and D3) are cell type—specific (Sherr, 1994; Lavoie et
al., 1995), we were unable to examine the effects of
SB203580 or VEGF on the levels of cyclins D2 and D3
owing to the lack of specific antibodies for these cyclins.
Taken together, our data indicated that the inhibitory
effect of SB203580 on p38 MAP kinase activation,
which is an early response to VEGF stimulation in
HUVEC, was associated with enhanced Rb hyperphos-
phorylation. Phosphorylation of Rb results at least in
part from a decrease in p27%"! levels. At present, we
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Fig. 7. Effects of SB203580 on VEGF-stimulated ERK activation in
HUVEC. Serum-starved cells were incubated with either carrier (eth-
anol) or the indicated concentration of SB203580 (SB) for 20 min. The
cells were left untreated or treated with VEGF (50 ng/ml) for 10 min.
The electrophoretic mobility shift of ERK2 was detected by Western
blotting. The results are representative of three independent experi-
ments.

cannot rule out the possibility that SB203580 also tar-
gets other events regulating cell-cycle entry.

DISCUSSION

To study the mitogenic signaling events triggered by
VEGF binding to its receptors, we have utilized
HUVEC, which endogenously express both KDR and
Fltl VEGF receptors. These cells are a more appropri-
ate model for studies of VEGF-induced cell signaling
than nonendothelial cells overexpressing VEGF recep-
tors. Here we show that VEGF activates four key sig-
naling enzymes in HUVEC: ERK, p38 MAP kinase, PI
3-kinase, and p70 S6 kinase. Activation of these ki-
nases is involved in VEGF-induced HUVEC prolifera-
tion.

VEGPF simultaneously activates ERK and p38 MAP
kinase but not JNK in HUVEC. Activation of ERK and
p38 MAP kinases in response to VEGF was clearly
demonstrated in this study by a characteristic electro-
phoretic mobility shift of the active kinases, an in-
crease in phosphorylation of the kinases monitored
with phosphospecific antibodies, and increased enzy-
matic activities toward exogenous substrates. VEGF-
stimulated ERK and p38 MAP kinase enzymatic activ-
ities have been shown by others (D’Angelo et al., 1995;
Seetharam et al., 1995; Rousseau et al., 1997). In this
study, we were able to extend those observations by
clearly associating VEGF-induced kinase phosphoryla-
tion with increased enzymatic activity. This is consis-
" tent with reports that phosphorylation of the kinases is
required for their enzymatic activities (Payne et al.,
1991; Han et al., 1994). We also show for the first time
that VEGF, bFGF, and EGF share a common signaling
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Fig. 8. Effects of SB203580 on cell-cycle regulatory proteins in
HUVEC. Left panel: Serum-starved cells were cultured for 24 h in
medium (DMEM/F-12 plus 1% FBS) (C) , medium with 10 uM
SB203580 (SB), medium with 10 ng/m! VEGF (V), medium with
VEGF (10 ng/ml) and 10 uM SB203580 (V+SB), or with complete
growth media (CM). Rb, cyclin D1, and cdk inhibitors p27¥® (p27)
and p21We! (p 21) in cell lysates were detected by Western blot
analysis with specific antibodies. p27Kip1 and p21%¥*" were analyzed
on the same blot. The results represent one of three separated exper-
iments. Right panel: Densitometric analysis of Rb in Western blots.
The % hyperphosphorylated Rb is presented as the means + SE of
three independent experiments. Abbreviations as in left panel.

pathway through ERK in HUVEC. The extent of ERK
activation in VEGF-stimulated HUVEC was somewhat
weaker than that in the cells treated with bFGF or
EGF. This may be due to differences in receptor expres-
sion levels or intrinsic properties of the receptor ki-
nases.

PI 3-kinase and p70 S6 kinase are activated by
VEGF in HUVEC. VEGF stimulated a transient in-
crease in PI 3-kinase activity. The activation of PI3-
kinase involved tyrosine phosphorylation since kinase
activity was measured using anti-phosphotyrosine im-
munoprecipitates. Phosphorylation of PI 3-kinase in-
duced by VEGF has been previously shown in bovine
aortic endothelial cells (Guo et al., 1995). Using the
yeast two-hybrid method, Cunningham et al. (1995)
have suggested that the p85 regulatory subunit of PI
3-kinase binds to Flt1. This evidence supports a con-
clusion that PI 3-kinase is involved in VEGF receptor '
signal transduction. In further support of this idea, we
demonstrated that VEGF induced the activation of p70
S6 kinase, a downstream effector of PI 3-kinase (dis-
cussed below). By contrast, Abedi and Zachary (1997)
did not detect increased PI 3-kinase activity upon
VEGF stimulation in confluent human endothelial cell
cultures. We believe the apparent discrepancy between
this observation and our own is related to the density of
cells at the time of treatment with VEGF; quiescent
subconfluent HUVEC were used in this study. PI 3-ki-
nase is differentially regulated by specific isoforms (a,
B, or v) of the p85 regulatory subunit (Baltenaperger et
al., 1994; Harley et al., 1995; Crawley et al., 1996). At
least two p85 isoforms (a and B) are expressed in
HUVEC (data not shown). Whether the observed in-
crease in PI 3-kinase activity is associated with p85a or
p85B remains to be investigated.

Two approaches have been developed in order to
dissect signal transduction pathways and to elucidate
their physiological significance. One is to generate
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dominant negative or constitutively active kinase mu-
tants and to overexpress them in appropriate host
cells. An alternative strategy is to use small cell-per-
meable inhibitors specific for particular protein ki-
nases. Since the limited life span of HUVEC in culture
precludes the possibility of establishing stable trans-
fected cell lines, we chose to use specific kinase inhib-
itors to address the interactions between different
pathways and to explore their roles in VEGF-induced
human endothelial cell proliferation.

1.Y294002 inhibits PI 3-kinase activity in vitro and
in vivo. Its specificity has been demonstrated by its
lack of inhibitory effect on a number of ser/thr and
tyrosine kinases, including PI 4-kinase, diacylglycerol
kinase, src kinase, protein kinase C, MAP kinase, S6
kinases, and receptor tyrosine kinases for PDGF or
EGF (Vlahos et al., 1994). In the present study, we
found that inhibition of PI 3-kinase with LY294002
resulted in a blockade of p70 S6 kinase activation in
response to VEGF. Similar results were observed when
cells were treated with wortmannin, which is structur-
ally distinct from LY294002 and is an inhibitor of PI
3-kinase at low concentrations (Ui et al., 1995). Our
data suggest PI 3-kinase is an upstream component in
the signaling cascade leading to the activation of p70
S6 kinase. This result is shown here for VEGF-stimu-
lated endothelial-cells, but it is consistent with previ-
ous studies of other growth factors, such as PDGF and
insulin, in nonendothelial cell types (Chung et al,,
1994; Petritsch et al., 1995). Recent reports have de-
scribed a signal transduction complex which links PI
3-kinase, protein kinase B, and p70 S6 kinase with a
newly identified 3-phosphoinositide—dependent pro-
tein kinase (PDK) (Pullen et al., 1998; Downward,
1998). Molecular dissection of this complex should pro-
vide further insights into the mechanisms of PI 3-ki-
nase signaling.

The profound inhibitory effects of 1.Y294002 and
rapamycin on VEGF-induced HUVEC proliferation in-
dicate that the PI 3-kinase/p70 S6 kinase pathway is
essential for VEGF-stimulated cell mitogenesis. These
results have established an association between acti-
vation of PI 3-kinase/p70 S6 kinase and their physio-
logical roles in VEGF-stimulated human endothelial
cells. Although PI 3-kinase and p70 S6 kinase have
been implicated in mitogenesis (Fantl et al.,, 1992;
Kozma and Thomas, 1994), their roles in mediating the
mitogenic response of endothelial cells to VEGF have
not been previously demonstrated. Since blocking acti-
vation of p70 S6 kinase with rapamycin inhibits the
G1/S cell-cycle transition in some cell types (Dumont
and Su, 1996; Luo et al., 19986), the inability of HUVEC
to proliferate in response to VEGF following treatment
with LY294002 is likely due in part to a loss in p70 S6
kinase function.

p38 MAP kinase has been shown to regulate cytokine
biosynthesis (Lee et al., 1994) and to mediate cell mi-
gration (Guay et al., 1997; Rousseau et al., 1997). How-
ever, little is known about its role in cell proliferation.
In this study, we show that p38 MAP kinase sup-
presses HUVEC proliferation. Inhibition of p38 MAP
" kinase with the specific inhibitor SB203580 enhanced
HUVEC proliferation in the absence or the presence of
VEGF. This effect was not due to interference with
ERK activation, and it suggests that p38 MAP kinase
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acts independently of the related MAP kinase. Studies
of SB203580’s effect on the cell-cycle progression
clearly demonstrated that p38 MAP kinase regulated
phosphorylation of Rb. The retinoblastoma tumor sup-
pressor protein Rb regulates cell proliferation by con-
trolling progression through the restriction point
within the G1 phase of the cell cycle in mammalian
cells (Sherr, 1996). Hypophosphorylated Rb functions
as a transcription repressor that binds to transcription
factors such as members of the E2F family. Phosphor-
ylation of Rb releases E2F, which is important for the
S phase entry (Lin et al., 1996). The present study
therefore links p38 MAP kinase signaling to the cycle
machinery in endothelial cells, and it indicates that the
inhibition of p38 MAP kinase by SB203580 is associ-
ated with phosphorylation of Rb protein.

Rb phosphorylation is regulated by cyclin D— and
E-associated cyclin-dependent kinases (cdks) in mid-
dle and late G1 phase (Sherr, 1995). Cyclin/cdk activi-
ties are negatively regulated by cdk inhibitors, such as
p21V2! and p27¥®* (Hunter, 1993). The protein level of
p275iP! hut not p21W2? decreased in SB203580-treated
HUVEC. Thus, p38 MAP kinase appears to suppress
the decline of p27¥®!, which inhibits Rb phosphoryla-
tion and cell-cycle progression. However, the mecha-
nism by which this suppression occurs is not clear. We
cannot completely exclude the possibility that
SB203580 affects targets in addition to p38 MAP ki-
nase that regulate S phase entry. In addition, we show
that ERK and p38 MAP kinase, two members of the
MAP kinase family, play distinct roles in mediating the
mitogenic response of HUVEC to VEGF. In contrast to
p38 MAP kinase, ERK positively regulates HUVEC
proliferation. A recent report by Kroll and Walten-
berger et al. (1997) also showed that PD098059 inhib-
ited VEGF-stimulated DNA synthesis in KDR-trans-
fected porcine aortic endothelial cells.

In summary, this study shows that the activities: of
ERK, PI 3-kinase, and p70 S6 kinase are essential for
VEGF-induced HUVEC proliferation. Neither ERK nor
PI 3-kinase/p70 S6 kinase activation alone is sufficient
to stimulate the continuous proliferation of HUVEC.
ERK and p38 MAP kinase play distinct and opposing
roles in mediating the mitogenic response of HUVEC to
VEGF. These results indicate that VEGF activates
multiple signaling pathways to regulate endothelial
cell proliferation. Our findings show that VEGF-recep-
tor signaling exhibits a great degree of commonality
with other receptor tyrosine kinases, and they suggest
that targeting VEGF receptors on the endothelial cell
surface may be a more appropriate therapeutic strat-
egy than targeting intracellular signaling components
that control VEGF-induced endothelial proliferation.
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Vascular endothelial cell growth factor (VEGF)/vascular permeability factor (VPF) isq}
specific mitogen for endothelial cells. Since 1991 it has been known that VEGF, like *3
many other polypeptide growth factors, activates a receptor-associated tyrosine kinagg
in target cells. We have used normal human umbilical vein endothelial cells (HUVECS)
rather than immortal endothelial or non-endothelial cell lines transfected with VEGF
receptor cDNAs to study intracellular signaling pathways activated by VEGF

intermediates by phosphorylation state and by increased kinase activity towards
substrates. In addition, we used specific inhibitors of signaling enzymes to evaluate their
significance in VEGF-stimulated cell proliferation. Like all polypeptide growth facto!
that have been tested VEGF rapidly and transiently activated the mntogen—actlvawd

subconfluent HUVECs, but it had no detectable effect on stress-activated protein kinase! %
(SAPK)/jun N-terminal kinase (JNK). Phosphatidylinositol 3-kinase (PI 3-kinase) and .g
its downstream mediator p70 S6 kinase, phospholipase C gamma, and the delta and
epsilon isoforms of protein kinase C were also activated by VEGF in HUVECs. By
contrast, activation of the janus kinases (JAKs) and PKCs alpha and beta was not
detected. The activities of ERKs 1 and 2, PI 3-kinase and p70 S6 kinase were 4
specifically inhibited by PD98059, LY294002 and rapamycin, respectively, in VEGan
stimulated HUVECs, and each of the three inhibitors completely inhibited cell .
proliferation. There was no apparent cross-talk between PI 3-kinase or p70 S6 kmase_-‘ :
and ERKs 1 and 2 or between the ERKs and p38 MAP kinase. Inhibition of p38 MAP .23
kinase by the compound SB203580 resulted in the hyperphosphorylation of :|
retinoblastoma (Rb) protein, and it stimulated HUVEC proliferation both in the presence “;
and absence of VEGF. Our results indicate that the activities of the signaling enzymes ',
ERKs 1 and 2, PI 3-kinase, and p70 S6 kinase are essential for VEGF-induced HUVEC ;
proliferation while p38 MAP Kinase acts to supress endothelial cell proliferation by -
inhibiting cell cycle progression. VEGF activates a multiplicity of 51gnal transducuon
pathways in endothelial cells, but as none of these pathways is unique to VEGF,
targeting VEGF receptors rather than intracellular signaling intermediates may be a more -
appropriate therapeutic strategy for controlling VEGF-induced cell proliferation in yivo.
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